Information on the molecular basis of resistance and the evolution of resistance is crucial to an understanding of the appearance, spread, and distribution of resistance genes and of the mechanisms of host adaptation in natural populations. One potential important genetic constraint for the evolution of resistance is fitness cost associated with resistance. To determine whether host resistance to parasite infection is associated with fitness costs, we conducted simultaneous quantitative trait loci (QTL) mapping of resistance to parasite infection and fitness traits using the red flour beetle (Tribolium castaneum) and the tapeworm parasite (Hymenolepis diminuta) system in two independent segregating populations. A genome-wide QTL scan using amplified fragment length polymorphism (AFLP) markers revealed three QTL for beetle resistance to tapeworm infection. These three QTL account for 44-58% variance in beetle infection intensity. We identified five QTL for fecundity and five QTL for egg-to-adult viability, which accounted for 36-57% and 36-49%, respectively, of the phenotypic variance in fecundity and egg-to-adult viability. The three QTL conferring resistance were colocalized with the QTL affecting beetle fitness. The genome regions that contain the QTL for parasite resistance explained the majority of the variance in fecundity and eggto-adult viability in the mapping populations. Colocalization of QTL conferring resistance to parasite infection and beetle fitness may result from the pleiotropic effects of the resistance genes on host fitness or from tight linkages between resistance genes and adverse deleterious mutations. Therefore, our results provide evidence that the genome regions conferring resistance to tapeworm infection are partially responsible for fitness costs in the resistant beetle populations.
P ARASITES are intimately dependent on the host
Mattson 1992; Felton and Korth 2000) and mathefor survival, live at the expense of the host, and have matical models on the evolution of resistance (Simms deleterious effects on host survivorship and reproducand Rausher 1987; Renaud and De Meeus 1991; Finetive success. Thus, parasites are important selective blum and Rausher 1995; Renaud et al. 1996 ; Boots agents on hosts. Parasites have been invoked as causal and Haraguchi 1999; Sasaki and Godfray 1999; agents in the maintenance of sex ( Jaenike 1978; BremKoella and Boete 2003) assume that resistance to paraermann 1980 ; Hamilton 1980; Lively 1987 ; Howard site infection is associated with fitness costs. There is and Lively 1994 and Lively , 1998 and in the evolution of male indirect empirical evidence for cost of resistance to parasecondary sexual traits (Hamilton and Zuk 1982;  Read sites in invertebrate as well as vertebrate hosts (Boots 1988; Read and Harvey 1989; Clayton 1991; Saino and Begon 1993; Ferdig et al. 1993; Kraaijeveld and et al. 2003) . Despite the fact that parasites are ubiquitous Godfray 1997; Yan et al. 1997; Langand et al. 1998 ; in nature and are deleterious to host fitness, there are Sasaki and Godfray 1999; Moret and Schmid-Hemconsiderable variations in susceptibility to parasite infecpel 2000; Oppert et al. 2000 ; Sasaki 2000; Sayyed and tion among host species (Freehling and Moore 1993) , Wright 2001; Kraaijeveld et al. 2002) . For example, among genetic strains within a species (Yan and Nor- Drosophila melanogaster larvae exhibited reduced competman 1995), and among individuals within a population itive ability when adults were being selected for in- (Dobson and Hudson 1992) . Our understanding of the creased resistance to the parasitoid Leptopilina heterotoma evolution of resistance to parasitism is limited (Rigby et (Kraaijeveld and Godfray 1997) . Biomphalaria glaal. 2002) .
brata snails resistant to the blood fluke Schistosoma manOne purported genetic constraint for the evolution soni displayed lower fertility and survivorship than susof resistance is fitness cost associated with resistance.
ceptible snails (Webster and Woolhouse 1999) . In Numerous conceptual (Coley et al. 1985; Herms and another snail species, B. brata individuals resistant to the fluke Echinostoma caproni reached maturity later than susceptible individuals (Langand et al. 1998 or vertically transmissible from beetle to beetle. The infection intensity (Yan 1997) . In addition, a prelimiAll individuals were exposed to a comparable amount of tapeworm-infected feces (Zhong et al. 2003) . Two weeks following nary fitness comparison between selected resistant and exposure to parasite eggs, 214 F 3 female beetles from cross 1 susceptible populations found that the resistant populaand 200 from cross 2 were dissected to determine infection tion exhibited lower fecundity and egg-to-adult viability intensity (the number of tapeworm parasites in a beetle). Beetle than the susceptible population.
carcasses were collected and used for subsequent DNA analysis, but parasite tissues were discarded (Zhong et al. 2003) . Molecular genotyping: Genomic DNA was extracted individually from all the parents and from the F 1 and F 3 populations, MATERIALS AND METHODS following the phenol/chloroform method (Severson 1997). Mapping populations: Two strains (TIW 1 and cSM) of the All individuals were subjected to genotyping with amplified red flour beetle T. castaneum were used to set up segregating fragment length polymorphism (AFLP) markers. We used the populations for QTL mapping. The cSM strain was kindly previously developed AFLP linkage map based on the TIW 1 ϫ provided by Michael Wade of Indiana University and TIW 1 by cSM cross (Zhong et al. 2004) . The map consists of 269 AFLP Richard Beeman of Grain Marketing and Production Research and 18 RAPD markers with an average marker resolution of Center in U.S. Department of Agriculture. The strain cSM has 2 cM. We used 28 pairs of AFLP primers that yielded 169 been used extensively in various ecological and genetic studies informative markers for QTL analysis. The AFLP primer se-(e.g., Wade 1977; Stevens 1989; Yan and Stevens 1995; Yan quences and primer combinations were published previously 1997), and TIW 1 was used for construction of an RAPD-based (Zhong et al. 2004) . Among the 169 informative AFLP marklinkage map (Beeman and Brown 1999). The two strains have ers, 106 fragments were common to the two crosses. On the been reared in the laboratory for Ͼ10 years and have never basis of that, the total recombination distance of AFLP markers been exposed to the parasite during the laboratory culture in F 2 segregating populations was 573 cM (Zhong et al. 2004) , process. For each strain, the population size in culture was and the markers used in this study provided an average spacing of 3.4 cM between markers over the 10 linkage groups (LGs). normally Ͼ1000 beetles at every generation. The TIW 1 strain QTL Analysis of Fitness and Resistance in T. castaneum Data analysis: Mapmanager QTX software (Manly et al. ( Figure 1 ). These three QTL are designated as Hds 2001) was used to determine the QTL positions, the expected [3, L1B1.69], Hds[6, L4A16.110], and Hds[8, L6B2.100] .
additive and dominance effects, and the phenotypic variance Each QTL accounted for 15%, 32%, and 11% of the explained by individual QTL. The LOD threshold value for phenotypic variation in infection intensity in cross 1 declaring the presence of a QTL was determined by permutaand for 8%, 21%, and 15% in cross 2 (Table 1) . Thus, tion test (n ϭ 1000) (Churchill and Doerge 1994). Ninetyfive percent confidence intervals for the location of QTL were these QTL collectively explained 58% and 44% of the obtained by bootstrap analysis (Visscher et al. 1996) . Three total phenotypic variation in cross 1 and cross 2, respecphenotypic traits (infection intensity, fecundity, and eggtively. Permutation tests indicated that all three QTL to-adult viability) were subjected to QTL analysis. Females that were statistically significant at the P Ͻ 0.01 level in both did not produce any eggs were excluded from the analyses populations (Figure 1 ). The three QTL had additive [60 female beetles for cross 1 (14.5%) and 28 for cross 2 (9.8%)]. A square-root transformation of the two fitness traits effects ranging from 0.89 to 2.62 parasites and domiwas used to normalize the phenotypic data; infection intensity nance effects ranging from 2.10 to 5.41 parasites (Table   data were (Stuber et al. 1987) . Individual QTL designafecundity were detected on LG4, LG8, and LG9 at the tions for parasite susceptibility have the following format: P Ͻ 0.01 level (Figure 1 ). These were designated as Fec [4, hds[n, y] , where hds ϭ H. diminuta susceptibility, n ϭ the [8, L6B2.100], and Fec[9, L1A16.208] . Each linkage group number, and y ϭ the AFLP marker closest to QTL explained 7%, 19%, and 10% of the phenotypic the QTL. QTL for fecundity is designated as Fec [n, y] , and egg-to-adult viability as Eav [n, y] .
L4A2.290], Fec
variation in fecundity (Table 1) , and thus they collectively explained ‫%63ف‬ of the total phenotypic variation. The QTL Fec[8, L6B2.100 ] had the largest additive gene effect on fecundity. The three QTL showed large posi-
RESULTS
tive h values, suggesting that the gene action at these Phenotypic variability in infection intensity and fitness three QTL was overdominance. traits: In cross 1 (cSM female ϫ TIW1 male), the cSM For cross 2, a total of four QTL affecting fecundity were female had 15 parasites and the TIW1 male 0 parasites. detected on LGs 2, 3, 4, and 8 at P Ͻ 0.01 (Figure 1 ). In cross 2 (cSM male ϫ TIW1 female), the cSM male
The four QTL collectively explained ‫%75ف‬ of the total had 5 parasites and the TIW1 female 0 parasites. The phenotypic variation (Table 1) . Two QTL identified in average infection intensity of F 1 populations was 6. showed the largest effect on fecundity, accounting for was 4.8 Ϯ 0.6 (range 0-19; n ϭ 214) for cross 1 and 20% of the variance in fecundity. Similar to cross 1, the 3.6 Ϯ 0.5 (range 0-17; n ϭ 200) for cross 2. In the F 3 gene action was dominance or overdominance at all population, the mean fecundity and the egg-to-adult four QTL (Table 1) . viability was 14.4 Ϯ 2.9 (range 1-68; n ϭ 162) and 45.4 Ϯ QTL for egg-to-adult viability: In cross 1, four QTL on 5.3% (range 0-100%; n ϭ 162) in cross 1 and 11.8 Ϯ
LG4, LG6, LG8, and LG10, respectively, were detected af-2.5 (range 1-76; n ϭ 145) and 33.7 Ϯ 5.7% (range fecting egg-to-adult viability at the level of P Ͻ 0.01 (Figure  0-100% . beetle infection intensity and fecundity in the F 3 populaThese QTL collectively explained 59% of the total phetions in both crosses (r ϭ 0.332, P Ͻ 0.01, n ϭ 214 for notypic variation. Similar to the QTL conferring beetle cross 1; r ϭ 0.248, P Ͻ 0.05, n ϭ 200 for cross 2). Infection resistance, gene actions were mostly overdominance. intensity and egg-to-adult viability were not correlated For cross 2, three QTL affecting egg-to-adult viability (r ϭ 0.164, P ϭ 0.121, n ϭ 214 for cross 1; r ϭ 0.144, were detected on LG3, LG6, and LG8, respectively, at P ϭ 0.155, n ϭ 200 for cross 2). Fecundity was positively the P Ͻ 0.01 level (Figure 1 ). In addition to the two correlated with egg-to-adult viability in both crosses (r ϭ QTL detected in cross 1 (Eav[6, L1A16.116] and Eav[8, 0.311, P Ͻ 0.01, n ϭ 214 for cross 1; r ϭ 0.570, P Ͻ L6B2.100]), one new QTL (Eav[3, L1B1.69]) was identi-0.01, n ϭ 200 for cross 2). fied in cross 2. These three QTL collectively explained QTL for resistance to tapeworm infection: We detected ‫%63ف‬ of the total phenotypic variation (Table 1) . the same three QTL on LG3, LG6, and LG8 for beetle Colocalization of QTL affecting beetle resistance and resistance to tapeworm infection in both segregating popfitness traits: The three QTL conferring beetle resisulations. The LOD score plots provide a basis for identitance to tapeworm parasites are located in the same genome regions where major fitness QTL reside (Figure fying molecular markers most closely linked to the QTL a, additive regression coefficient for the association or the additive effect due to substitution of a cSM allele by the corresponding TIW 1 allele; d, dominance effect associated with the heterozygote; h, ratio of dominance/additive effects; -, not detected.
a Individual QTL designation has the following format: hds [n, y] , where hds is H. diminuta susceptibility, n is the linkage group number, and y is the AFLP marker that is closest to the QTL region; Fec [n, y] , where Fec is fecundity; and Eav [n, y] , where Eav is egg-to-adult viability.
2). The two QTL for beetle resistance to parasite infecwhich means that the resistant strain TIW1 contributed alleles that decreased the number of parasites, increased tion on LG3 and LG8 were colocalized with the QTL for fecundity and egg-to-adult viability. These QTL showed resistance, and increased the egg-to-adult viability. It is important to note that QTL for fecundity and eggnegative additive effect and negative dominance effect on the respective phenotypes, which means that the to-adult viability were also found in linkage groups where QTL for resistance was not found (i.e., LG2, LG4, resistant strain TIW1 contributed alleles that increased the number of parasites, infection intensity, and fecun-
LG9, and LG10; Figure 2 ). dity. This is not surprising because the two traits showed strong positive correlation. Thus, the susceptible popu-DISCUSSION lations exhibited higher fecundity than the resistant population at this locus. On the contrary, the resistant In this study, we simultaneously determined the genetic basis of beetle resistance to tapeworm infection population exhibited lower fecundity than the susceptible population at this locus. In other words, the resisand fitness traits using the QTL mapping technique. We identified a total of three QTL for resistance and tance to parasites is costly. The third QTL for resistance to parasite infection on LG6 was located in the same five QTL for fecundity and egg-to-adult viability. The present study used F 3 segregating populations and degenome region as the QTL affecting egg-to-adult viability. This QTL showed positive additive effect and negatected three QTL conferring beetle resistance on the same chromosomal locations as those identified by the tive dominance effect on the respective phenotypes, previous study involving independent F 2 segregating colocalize with the QTL affecting fecundity and eggto-adult viability. One resistance QTL, Hds [6,L4A16.110], populations (Zhong et al. 2003) . Overall, the effects of these QTL on infection intensity and fitness traits were colocalizes with the QTL affecting egg-to-adult viability. In addition, other QTL for fecundity and egg-to-adult small to medium, indicating the polygenic nature of beetle resistance to parasite infection and fitness traits.
viability were found in linkage groups where QTL for resistance was not found. Through colocalization of QTL affecting beetle resistance to tapeworm infection and fitness traits, we demTherefore, two interesting conclusions arise from these results. First, the genome regions where QTL cononstrated that the QTL conferring resistance to parasite infection were in the same chromosomal regions where ferring beetle resistance to tapeworms reside also contain the genes for beetle fitness. where the QTL for parasite resistance are located ex-plained the majority of the variance in fecundity (19 of LG8 that show significant phenotypic effects on both resistance to parasite infection and beetle fitness could 36% in cross 1 and 29 of 57% in cross 2) and in eggto-adult viability in the two mapping populations (33 of result from the pleiotropic effects of the resistance genes on host fitness or from tight linkages between resistance 49% in cross 1 and 31 of 36% in cross 2). Therefore, this experiment provided strong evidence that parasite genes and adverse deleterious mutations. Due to the limited resolution of QTL analysis, the colocalization resistance is associated with host fitness. Second, other QTL affecting fecundity and egg-to-adult viability were of the QTL conferring resistance and fitness could not distinguish between these two possibilities. To ultimately also identified, but they were not in the same genome regions as the QTL for parasite resistance. Thus, the prove or refute the pleiotropy hypothesis, fitness comparison between wild-type hosts and those in which the reduced fitness in the resistant population cannot be entirely attributed to parasite resistance genes or to expression of the resistance genes has been knocked down or knocked out should be performed (Feder and other deleterious genes closely linked to the resistance genes.
Mitchell-Olds 2003). Information on the fitness costs associated with host In this study, we found that the detection of some QTL for fecundity and egg-to-adult viability varies beresistance to parasite infection is crucial to our understanding of the appearance, spread, and distribution of tween the two independent segregating populations. This phenomenon is consistent with findings in the resistance genes in natural populations (Rigby et al. 2002) . The issue of resistance evolution has important implicaliterature that detection of quantitative trait loci may be sensitive to environmental effects and to the genetic tions for agriculture, conservation, and vector-borne disease control. For example, since the use of genetic engibackground of the parental genotypes (Paterson et al. 1991; Leips and Mackay 2000) . For example, Paterson neering to introduce parasite-resistance genes into natural mosquito populations to control malaria, denet al. (1991) demonstrated that some QTL affecting fruit size and soluble solids concentration in tomatoes were gue, or filarial worms has been proposed ( James 1992; Collins and Besansky 1994) . Strategies to spread the detected in one location but not in others, but the major QTL were always identified regardless of the environparasite-resistance genes into natural vector populations should consider potential fitness costs caused by the mental conditions. Leips and Mackay (2000) reported that identification of six QTL affecting life span and resistance genes. Colocalization of genomic regions affecting both resistance and host fitness demonstrated the effects of QTL genotypes on life span vary between the genetic background of the parental individuals and in the present study suggests that the fitness constraint posed by the resistance genes should be taken into conlarval rearing conditions. The lack of QTL detection congruency between mapping populations could be due sideration when designing strategies for spreading parasite-inhibiting genes into natural insect populations. to sampling errors if the sample size of the mapping populations is small, or there may be some sex-specific worm eggs. Thus, the significant positive correlation be- zation of the three genome regions on LG3, LG6, and
